The 12p13 ETV6 (TEL) gene is frequently targeted by chromosomal translocations in human malignancies, resulting in the formation of oncogenic ETV6 gene fusions. Many of the known partner genes encode protein tyrosine kinases (PTKs), generating fusion proteins that function as chimeric PTKs. ETV6-NTRK3 (EN), comprised of the ETV6 SAM domain fused to the NTRK3 PTK, is unique among ETV6 chimeric oncoproteins, as it is expressed in cancers of multiple lineages. We initially hypothesized that, similar to other ETV6-PTK chimeras, SAM-mediated dimerization of EN leads to constitutive activation of the PTK and downstream signaling cascades. However, when the EN SAM domain was replaced with an inducible FK506 binding protein (FKBP) dimerization system, resulting FKBP-NTRK3 chimeras failed to transform NIH 3T3 cells even though PTK activation was preserved. It was recently shown that the ETV6 SAM domain has two potential interacting surfaces, raising the possibility that this domain can mediate protein polymerization. We therefore mutated each EN SAM binding interface in a manner shown previously to abolish self-association of wild-type ETV6. Each mutation completely blocked the ability of EN to polymerize, to activate its PTK, and to transform NIH 3T3 cells. Furthermore, EN itself formed large polymeric structures within cells while mutant EN proteins were present only as monomers. Finally, we observed a dominant negative effect on the transformation of isolated SAM domains coexpressed in EN-transformed cells. Taken together, our results suggest that higher-order polymerization may be a critical requirement for the transformation activity of EN and possibly other ETV6-PTK fusion proteins.
Many chromosomal translocations described in human malignancies lead to the expression of chimeric oncogenes resulting from the in-frame fusion of coding sequences from two different partner genes (30) . Dimerization or oligomerization through the interaction of domains contributed by one of the partner genes has been shown to be an important activating mechanism for many chimeric oncoproteins. For BCR-ABL and other chimeric protein tyrosine kinases (PTKs), oligomerization leads to ligand-independent auto-or cross-phosphorylation of the kinase domain and constitutive PTK activation (2) . Moreover, oligomerization appears to have additional roles in facilitating oncogenesis, such as by stabilizing the binding of other proteins to the oncoprotein complex. For example, evidence suggests that binding of the SMRT corepressor to the STAT5-RAR␣ fusion protein is facilitated by its oligomerization (23) . In general, however, structural aspects and stoichiometric relationships within oligomeric complexes of these chimeric oncoproteins remain very poorly understood.
The ETS family transcription factor ETV6 (or TEL), required for developmental processes such as hematopoiesis and yolk sac angiogenesis (50) , consists of an N-terminal (SAM) domain and a C-terminal DNA-binding ETS domain (36) . The ETV6 gene, found on chromosome 12p13, is disrupted by translocations in numerous human leukemias as well as in solid tumors, generating many different ETV6 fusion genes (3) . Many of these ETV6 chimeras encode fusion oncoproteins in which the ETV6 SAM domain is fused either to a PTK, including PDGFR␤ (8) , Abl (9, 13) , ARG (4, 12) , Jak2 (28), FGFR3 (51), or NTRK3 (19, 49) , or to transcription factors such as AML1 (7) or ARNT (34) . These chimeric proteins appear to utilize the ETV6 SAM domain for self-association, which, for chimeric tyrosine kinases, induces constitutive PTK activation. The SAM domain, also known as the Pointed or PNT domain, is a ca. 75-amino-acid module that mediates a wide variety of homo-and heterotypic protein-protein interactions (17, 22, 29, 31, 35) . This domain is found in a large number of proteins, including a subset of ETS transcription factors (14, 38) , Eph family receptor tyrosine kinases (42) , diacylglycerol kinases (26, 33) , serine threonine kinases (48) , Polycomb group (PcG) proteins (20) , yeast mating type signaling proteins (31, 48) , the p73 tumor suppressor (5) , and the RNA-binding protein Smaug (10) . Crystal structures of the EphB2 and EphA4 receptor SAM domains revealed that the domain has two distinct binding interfaces, each providing a possible site for intermonomeric association (41, 44) . The EphB2 crystal structure also suggests that its SAM domain could form extended polymeric structures (43) . Subsequently, Kim et al. and Tran et al. demonstrated that the isolated ETV6 SAM domain, which forms an insoluble homopolymer when expressed in bacterial cells, also self-associates in a head-to-tail fashion to crystallize as an extended helical polymer (16, 47) . Furthermore, mutations of single amino acids within either hydrophobic polymerization interface (alanine 93 and valine 112 in ETV6 cDNA numbering) to charged residues renders the SAM domain soluble and monomeric. These studies provide evidence that higher-order polymer formation might be essential for the normal function of ETV6. Similar behavior was also reported for the SAM domain of the PcG protein polyhomeotic (15) . The above findings for the wild-type (WT) ETV6 SAM domain raise the possibility that ETV6 SAM-containing chimeric oncoproteins also form higher-order polymeric structures and that this may be important for transformation. This possibility was suggested by earlier findings demonstrating that ETV6-PDGFR␤ forms higher-order structures in hematopoietic cells (37) . To test this further, we analyzed complexes of the ETV6-NTRK3 (EN) fusion protein associated with the t(12;15)(p13; q25) translocation. This oncoprotein, originally described in the pediatric mesenchymal malignancy congenital fibrosarcoma, contains the ETV6 SAM domain fused to the PTK domain of the neurotrophin 3 receptor NTRK3 (19) . EN expression was subsequently described for congenital mesoblastic nephroma (18) , acute myeloid leukemia (6) , and recently, the secretory variant of ductal breast carcinoma (46) . EN is therefore unique among known chimeric oncoproteins, as it is expressed in malignancies derived from multiple cell lineages. We previously reported that EN self-association through its SAM domain is required for PTK activation (49) . This in turn leads to activation of WT NTRK3 downstream pathways such as the Ras-Erk1/2 mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)-AKT cascades that are essential for EN transformation of NIH 3T3 cells (45) .
In the present study we wished to further explore the role of oligomerization in EN transformation. We therefore made chimeric proteins in which the EN SAM domain was replaced with the inducible dimerization domain of the FK506 binding protein (FKBP) polypeptide. Upon induction, FKBP-NTRK3 expression in NIH 3T3 cells resulted in PTK activation and transient activation of Ras-Erk1/2 and PI3K-AKT pathways but failed to transform these cells. This suggested that activation through dimerization is not sufficient for EN transformation or that the ETV6 SAM domain may contribute additional functions. We now show that both binding interfaces of the SAM domain must be intact for EN transformation and that mutating key amino acids within either of these interfaces abolishes the ability of EN to form large polymeric structures. Taken together, our results suggest that polymerization through the ETV6 SAM domain is important for EN transformation and that targeting the regions mediating this property may represent a novel therapeutic strategy for inhibiting fusion proteins containing the ETV6 SAM domain.
MATERIALS AND METHODS
Cell culture. NIH 3T3 cells were obtained from the American Type Culture Collection and maintained at low confluence in 10% calf serum (CS; Gibco BRL) and Dulbecco's modified Eagle medium (DMEM; Gibco BRL). The BOSC23 packaging cell line was obtained from Rob Kay (Terry Fox Laboratory, Vancouver, Canada) and grown in 10% fetal CS (Gibco BRL) and DMEM. 293T cells were obtained from the American Type Culture Collection and grown in 10% fetal CS-DMEM.
Inducible dimerizer system. The FKBP inducible dimerization system was a generous gift from Ariad Pharmaceuticals, Inc. (Cambridge, Mass.) FKBP1E-NTRK3 and FKBP2E-NTRK3 fusion constructs were created by amplifying the NTRK3 region of ETV6-NTRK3 (with the primer set NTRK3-1601-XbaI [5Ј-G CTCTAGAGATGTGCAGCACATTAAGAGG-3Ј] and NTRK3-2490rev-SpeI [5Ј-GGACTAGTGCCAAGAATGTCCAGG-3Ј]), cutting the resultant product with XbaI/SpeI (NEB), and fusing it in frame with pC 4 M-F V 1E or pC 4 M-F V 2E (renamed FKBP1E and FKBP2E, respectively). The fusion constructs were verified by sequence analysis. An EcoRI/ApoI or partial EcoRI/ApoI digest facilitated cloning of the fusion constructs into the MSCVpuro retroviral vector (Clontech). Control FKBP1E and FKBP2E retroviral constructs were created by performing EcoRI/ApoI or EcoRI/ApoI partial digests. Stable cell lines expressing either FKBP1E, FKBP2E, FKBP1E-NTRK3, or FKBP2E-NTRK3 alone were generated, and protein expression was determined either via immunoprecipitation (IP) followed by Western blot analysis with anti-hemagglutinin (HA) antibodies (BabCO) (for FKBP1E constructs) or via anti-HA Western blot analysis (for FKBP2E constructs). Experiments were performed with a range of AP20187 dimerizer concentrations (from 100 to 1,000 nM). Soft agar experiments were performed as described below with the addition of 100 nM AP20187 in both the lower and upper layers. The top layer was replenished daily with media containing 100 nM AP20187. Wells were stained with 0.005% crystal violet in 75% methanol for 1 h and then rinsed with water for destaining.
Site-directed mutagenesis. Point mutations within the SAM domain of EN were generated by using the QuikChange site-directed mutagenesis kit (Stratagene). Three different SAM domain mutations were made by using the following primers: A93D (5Ј-GAATGGCAAAGATCTCCTGCTGCTG-3Ј), V112E (5Ј-TTCAGGTGATGAGCTCTATGAACTCC-3Ј), and V112R (5Ј-TTCAGGT GATCGGCTCTATGAACTCC-3Ј). Mutagenesis was performed with EN pBS KSϩ as a template. Each construct was sequenced, cut with EcoRI, and cloned into MSCVpuro.
Retroviral expression system. A cDNA encoding EN was inserted into the retroviral vector MSCVpuro or MSCVneo at the EcoRI site. cDNAs encoding isolated WT, A93D mutant, and V112E mutant SAM domains were cut with BglII/BamHI out of pET-22b(ϩ) (Novagen) and cloned into BglII-cut MSCVpuro. The MSCVneo green fluorescent protein (GFP) vector was created by cutting out the GFP from pEGFP-N3 (EcoRI/HpaI; Clontech) and inserting it into the MSCVneo vector.
Generation of retrovirally transduced cell lines. Retroviral vector plasmid DNA was transfected into the BOSC23 ecotropic retroviral packaging cell line by using calcium phosphate precipitation as described by Pear et al. (27) . Supplemental Gag/Pol (pGP1) and Env plasmids were used during the transfection procedure to increase viral titers. Retrovirus-containing supernatants were collected from the BOSC23 cells 48 h after transfection and used to infect NIH 3T3 cells. Infected cells were selected for by using the appropriate antibiotic (puromycin [2 g/ml; Sigma] for 48 h or Geneticin [900 g/ml; Gibco BRL] for 7 to 9 days). Protein expression was determined by Western blotting. Cells coexpressing two different constructs were made by transfecting and selecting for the control (MSCV) or EN constructs first and then coexpressing and selecting for the second construct (i.e., isolated SAM domains). Expression of both proteins was confirmed by Western blot analysis for the EN protein and Tricine gel electrophoresis for the isolated SAM domains.
Co-IP experiments. cDNAs encoding WT or mutant SAM domain EN constructs were C-terminally tagged with either an HA or V5/His tag by using the mammalian expression vectors pMH (Roche) and pcDNA3.1/V5-His-TOPO (Invitrogen), respectively. Different combinations of HA-and V5-tagged constructs were transiently cotransfected in 293T cells with the FuGENE6 transfection reagent (Roche). Anti-HA IPs were performed on lysates collected 36 h after transfection followed by anti-V5 Western blotting (see below).
Lysate preparation, IP, and immunoblotting (IB). Cells were rinsed twice with phosphate-buffered saline (PBS) and lysed with 500 l of phosphorylation solubilization buffer (50 mM HEPES, 100 mM NaF, 10 mM Na 4 P 2 O 7 , 2 mM Na 3 VO 4 , 2 mM EDTA, 2 mM NaMoO 4 ⅐ 2H 2 O, 0.5% Nonidet P-40) or radioimmunoprecipitation assay buffer (20 GFP-tagged constructs and localization experiments. WT and mutant SAM domain EN constructs were C-terminally tagged with GFP by using PCR and the following GFP tagging primers: 5ЈGFP primer, 5Ј-ACGAATTCCTGATGTCT GAGACTCCTGCTGCTC-3Ј; 3ЈGFP primer, 5Ј-CGTGAATTCAGGCCAAG AAGTTCCAGGTAG-3Ј. PCR products were cut with EcoRI and inserted into the MSCVneo GFP vector (see "Retroviral expression system" above). NIH 3T3 cell lines stably expressing the GFP constructs seeded onto glass coverslips were rinsed once with PBS, fixed with 4% paraformaldehyde for 20 min at room temperature, rinsed three times with PBS, and mounted onto slides with Vectashield mounting media containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI; Vector Laboratories, Inc.). All image capturing was done with a Zeiss Axioplan2 epifluorescence microscope with selective filters, a cooled charge-coupled device camera (Sensys Photometrics), and Quips-Vysis software.
Monolayer morphology and soft agar assays. The morphology of NIH 3T3 cells expressing WT and mutant SAM domain EN constructs was documented by seeding equivalent numbers of cells in tissue culture dishes. Twenty-four hours after plating, the cells were photographed with a Zeiss Telaval 3 inverted microscope equipped with an FM2 Nikon camera. Soft agar assays were performed as described previously (25) . Cells were seeded in triplicate at a concentration of approximately 8 ϫ 10 4 cells per 35-mm-diameter dish. Bottom layers were made up of 0.4% agar in 9% CS-DMEM. Cells were resuspended in a top layer of 0.2% agar in 9% CS-DMEM. Cells were fed every other day by placing two drops of media on the top layer. After 2 weeks at 37°C, the number of single cells and colonies per high-power view were counted. Results were formulated as percentages of colonies formed per total number of cells plated.
Tumor growth in nude mice. Two million NIH 3T3 cells expressing either (i) MSCVneo alone, (ii) MSCVneo WT EN alone, (iii) MSCVneo-plus MSCVpuro-isolated V112R SAM domain, or (iv) EN MSCVneo-plus MSCVpuroisolated V112R SAM domain were injected subcutaneously into the flanks of nude mice (Charles River Laboratories). Tumor injection sites were monitored three times weekly, and when the tumors were large enough to assay, caliper measurements were taken. Tumors were excised and weighed after 20 days, and an average tumor size was calculated. Tumor growth (in milligrams) over time was estimated by using the following equation: tumor length ϫ tumor width 2 ϫ 0.5236 mg/mm 3 . Characterization of complexes formed in mammalian lysates by FPLC. Lysates prepared from NIH 3T3 cells expressing various constructs (described above) were fractionated by fast-performance liquid chromatography (FPLC) by using a Superose 6 HR 10/30 gel filtration column (Amersham) and the following buffer: 1.5 mM MgCl 2 , 150 mM NaCl, 50 mM HEPES (pH 7.3). The flow rate was 0.5 ml/min, and 0.5-ml fractions were collected. Fractions 13 to 35 were analyzed by Western blot analysis as described above with the following antibodies: anti-ETV6 helix-loop-helix, anti-V5, and anti-GFP.
Generation and analysis of His 6 -tagged fusion proteins by gel filtration chromatography. N-terminally His 6 -tagged proteins of WT EN, A93D EN, V112E EN, and V112R EN were created by PCR amplification of each construct, followed by EcoRI digestion and ligation into pET-22b(ϩ) (Novagen). Tagged fusion construct plasmids were used to transform Escherichia coli BL21(DE3) cells, resulting in fusion protein expression representing greater than 50% of total cellular proteins. Cells were gently lysed, followed by protein purification with Ni 2ϩ affinity chromatography with a buffer of 50 mM HEPES (pH 7.5), 500 mM NaCl, and 5% glycerol with 5, 30, and 250 mM imidazole for binding, wash, and elution, respectively. The isolated protein was further purified by FPLC with a 100-cm S-200 Sepharose column (Amersham Pharmacia Biotech) with 20 mM potassium phosphate (pH 7.5) and 150 mM NaCl, and the elution profile was monitored by densitometric analysis of a Coomassie-stained SDS-10% polyacrylamide gel electrophoresis gel. Elution volumes were compared to previously run sizing standards. The eluted WT EN was further characterized by loading 50 l of a 20 M protein solution mixed with an equal amount of size standards (composed of blue dextran [2,000 kDa], ferritin, aldolase, catalase, bovine serum albumin, and orange G) onto a 30-by 1-cm BioGel A-1.5 column (Bio-Rad) and separated by using the same buffer as described above at a flow rate of 0.5 ml/min, with elution monitored by densitometric analysis of a Coomassie-stained SDS-10% polyacrylamide gel electrophoresis gel.
Creation of isolated SAM mutants for electron microscopy (EM). The isolated murine ETV6 SAM domain was amplified from a 10.5-day-old mouse cDNA library with NdeI and HindIII restriction sites introduced by PCR to allow for directional cloning into pET22b (ϩ) (Novagen). The A93D mutation was created by using the QuikChange protocol (Stratagene). The protein was purified by FPLC with an SP-Sepharose column and a buffer of 20 mM potassium phosphate (pH 7.0). Elution of the protein by a salt gradient occurred at an NaCl concentration of 50 mM. Following purification, the isolated SAM mutant was dialyzed into a buffer containing 20 mM potassium phosphate (pH 7.5) and 50 mM NaCl. Insoluble A93D SAM filaments were generated by a change in pH to 6.0, which led to protonation of the introduced Asp93 residue and restoration of the hydrophobic surface region required for SAM domain oligomerization (16) .
Visualization of expressed proteins by EM. Drops of purified His-tagged EN and SAM domain mutant proteins were placed on the surface of Formvar-coated 200-mesh nickel grids. The grids were then rinsed with 2 hanging drops of protein resuspension buffer [25 mM KPO 4 (pH 8), 300 mM NaCl, and 1 mM 1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane] and negatively stained with 10 hanging drops of 1% aqueous uranyl acetate. The excess of the uranyl acetate was removed by blotting the edges of the grids with filter paper and air drying for 5 min. The grids were examined, and images were digitally collected with a Hitachi H7600 transmission electron microscope.
RESULTS

Inducible dimerization of FKBP-NTRK3 fails to transform NIH 3T3 cells.
It was previously demonstrated that EN selfassociates through its SAM domain and that this function is essential for EN PTK constitutive activation and transformation activity (49) . A simple explanation for this observation is that ETV6 contributes only a dimerization motif to EN, thus facilitating PTK activation and stimulation of downstream NTRK3 signaling pathways. To test this hypothesis, we utilized the FKBP inducible dimerization system (Ariad Inc.). In this system, either one or two ligand binding domains of the FK506 binding protein (FKBP1E or FKBP2E) are fused to a protein of interest such that self-association is induced in the presence of a bivalent analog of FK506 (AP20187) (40) . We created chimeras in which the entire ETV6 portion of EN, including the SAM domain, was replaced with one or two FKBP domains and expressed these fusion proteins or the FKBP motifs alone in NIH 3T3 cells (shown for FKBP1E-NTRK3 in Fig. 1A) . Structurally, FKBP1E-NTRK3 is only capable of dimerizing, whereas in principle, FKBP2E-NTRK3 can tetramerize or form higher-order structures. However, previous studies showed that FKBP1E-ABL and FKBP2E-ABL both exist as dimers of similar size when expressed in mammalian cells (39) , suggesting that either system is appropriate for studying dimerization. The addition of 100 nM AP20187 induced tyrosine phosphorylation of FKBP1E-NTRK3 (Fig. 1B) or FKBP2E-NTRK3 (data not shown) within 15 min of treatment. The dimerizer also induced MEK1/2 activation by 15 min and elevated cyclin D1 expression by 1 h (Fig. 1B) . However, in contrast to EN, in which tyrosine phosphorylation is constitutive, as are MEK1/2 activation and cyclin D1 elevation (45), both FKBP-NTRK3 chimera were only transiently tyrosine phosphorylated, as were MEK1/2 phosphorylation and cyclin D1 elevation. Moreover, cells expressing either chimera failed to undergo morphological transformation even after continuous addition of 100 nM dimerizer for up to 5 days (data not shown). We then assessed FKBP-NTRK3 chimera expressing cells for their ability to form colonies in soft agar. Macroscopic colonies failed to form even when 100 nM AP20187 was added daily for up to 2 weeks, whereas this agent had no effects on EN transformation activity (Fig. 1C ). Higher concentrations of AP20187 up to 1 M were also tested, but these caused marked cytotoxicity in all cell types when added for extended periods of time (data not shown). Taken together, these results suggest that replacement of the ETV6 SAM domain with a surrogate dimerization module is insufficient for EN transformation.
Mutations within the EN SAM domain block EN tyrosine phosphorylation, induction of cyclin D1 expression, and cell transformation. Kim et al. (16) reported that mutation of residues within either self-association interface of the ETV6 SAM domain, namely alanine 93 to aspartate (A93D) or valine 112 to glutamate or arginine (V112E or R), could abolish the ability of WT ETV6 to polymerize. We hypothesized that these mutations would similarly affect EN self-association and that this would, in turn, inhibit the transforming activity of the fusion protein. Using site-directed mutagenesis, we introduced each of these amino acid substitutions within the SAM domain of EN to generate A93D-EN, V112E-EN, and V112R-EN. Each construct was confirmed to be free of any additional PCR errors by DNA sequencing. All three mutant constructs failed to induce morphological transformation of NIH 3T3 cells when expressed at levels similar to those of nonmutated EN ( Fig.  2A) . The proteins isolated from these cells remained in a non-tyrosine-phosphorylated state (Fig. 2B) , suggesting that mutations in the SAM domain abolished the ability of EN to cross-or autophosphorylate itself. Moreover, cells expressing A93D-EN, V112E-EN, or V112R-EN expressed markedly lower levels of cyclin D1 compared to those expressing nonmutated EN (Fig. 2C) . Loss of transformation activity was confirmed by soft agar colony assays, as NIH 3T3 cells expressing any one of the three EN SAM domain mutants showed a marked reduction in the ability to form colonies compared to cells expressing WT EN and a small increase relative to the control cells (Fig. 2D) . Therefore both SAM binding interfaces must be intact for full EN-transforming activity.
Altered cellular localization of EN SAM domain mutants. One explanation for the above findings is that mutations within the SAM domain of EN affect subcellular localization of this chimeric protein. To localize the different fusion proteins, WT EN, A93D-EN, V112E-EN, and V112R-EN were each C-terminally tagged with GFP, and cells expressing these constructs were fixed and visualized by fluorescent microscopy (Fig. 3) . GFP alone and a GFP-tagged prenylated K-Ras construct were used as controls. The nonmutated EN-GFP protein was almost exclusively cytoplasmic, whereas the GFP-tagged SAM domain mutants each localized to the nucleus as well as to the cytoplasm. Expression of GFP-tagged proteins was confirmed by anti-NTRK3 IP followed by anti-GFP and anti-NTRK3 Western blotting (data not shown). Nonmutated EN was also tagged with HA and transiently expressed in NIH 3T3 cells. Cells were fixed, and HA-specific and fluorescein isothiocyanate-conjugated antibodies were used to determine the localization of the tagged protein. As with GFP-tagged EN, HA-tagged EN proteins were observed to be primarily cytoplasmic. These studies indicate that the presence of two functional SAM domain self-association interfaces is associated with retention of EN in the cytoplasm.
A93D and V112R EN SAM domain mutants bind to each other but fail to self-associate. Alanine 93 and valine 112 are located on opposite oligomerization interfaces of the ETV6 SAM domain. Thus, the A93D and V112R mutants of this domain are incapable of self-associating but can form a tight heterodimer by virtue of their complementary WT interfaces (16, 47) . To test whether EN would be similarly affected by such mutations, EN, A93D-EN, and V112R-EN proteins were differentially tagged with either HA or V5 histidine. Various combinations, consisting of one HA-tagged construct along with one V5-tagged construct, were transiently cotransfected into 293T cells. IPs were performed on total cell lysates from these cells with anti-HA antibodies, followed by Western blotting with anti-V5 antibodies. As shown in Fig. 4 , V5-tagged EN could be immunoprecipitated with HA-tagged EN, further confirming earlier observations that EN can self-associate (49) . We also observed that EN can associate with either A93D-EN or V112R-EN (Fig. 4) . In contrast, A93D-EN can bind to either V112R-EN or V112E-EN, but none of these proteins are capable of self-associating. These studies indicate that EN variants with an inactivating mutation in their complementary SAM domain binding interfaces can still interact in a heterotypic fashion, but they can no longer self-associate. Based on the reported properties of the isolated WT and mutant ETV6 SAM domains (16, 47) , as well as further results shown below, these data are entirely consistent with the conclusion that EN self-associates to produce an open-ended head-to-tail polymer (see below), whereas variants with mutations of A93 and V112 are restricted to forming heterodimers. Dimerization is insufficient for EN-mediated transformation. If the A93D and V112R EN mutants fail to self-associate but are capable of heterodimerizing (Fig. 4) , then coexpression of these mutants would be expected to transform cells if dimerization is sufficient for this activity of EN. To test this hypothesis, we stably coexpressed A93D-EN-GFP and V112R-EN-V5 in NIH 3T3 cells and assessed the ability of these constructs to promote colony growth in soft agar (Fig. 5A ). Western blotting with anti-NTRK3 antibodies confirmed equivalent expression levels (data not shown). Compared to cells expressing EN itself, fibroblasts coexpressing these constructs were markedly reduced in their colony-forming ability. The expression of each of the proteins was confirmed by Western blot analysis (Fig.  5B) . Interestingly, even though V112E-EN and A93D-EN associated with each other as shown by co-IP (Fig. 5B, bottom) , there was a complete absence of tyrosine phosphorylation of the fusion proteins observed in the doubly transfected cells (Fig. 5B, top) . Also of note was the finding that while transformation activity in the presence of the two mutants was markedly reduced compared with WT EN, it was still slightly higher than in vector alone cells (see Discussion). Taken together, these results corroborate those from the FKBP-NTRK3 studies described above (Fig. 1) , and both sets of results indicate that EN dimerization is insufficient for full EN transformation.
Coexpression of isolated WT or mutant SAM domains in EN-expressing cells blocks transformation.
If EN polymerizes through its SAM domain, then it would be predicted that isolated SAM domains may be able to interrupt this association and thus inhibit transformation. To test this hypothesis, and to determine whether there are different activities associated with WT versus mutant SAM domain polypeptides, control (MSCV) and EN-expressing cells were cotransfected with constructs encoding either an isolated WT ETV6 SAM domain (WT-SAM), an isolated ETV6 SAM domain with the A93D mutation (A-SAM), or an isolated ETV6 SAM domain with the V112R mutation (V-SAM). EN expression was confirmed by IP with anti-NTRK3 antibodies followed by IB with RC20 anti-phosphotyrosine antibodies (Fig. 6A) . Isolated SAM domain expression was confirmed by anti-ETV6 IP followed by IB with the same antibody (Fig. 6A) . The levels of EN and each coexpressed isolated SAM domain protein appeared to be roughly equivalent. NIH 3T3 cells engineered to express the SAM domains alone (WT or mutant) were morphologically identical to untransformed control cells (data not shown). EN cells expressing either the isolated WT-SAM, A-SAM, or V-SAM domains demonstrated a more flattened appearance than and decreased refractility compared to EN cells alone, as shown by a representative experiment for V-SAM (Fig. 6B) . Interestingly, cells coexpressing EN and SAM domain peptides still show similar levels of EN phosphorylation (Fig. 6A) . Moreover, they maintain similar levels of activated AKT and MEK1/2 as well as elevation of cyclin D1. These cells were then plated in soft agar to determine their abilities to form anchorage-independent colonies (Fig. 6C) . EN cells coexpressing either WT or mutant SAM domain constructs all showed the same result, with a dramatic reduction in soft agar colony formation compared to EN cells alone. These results indicate that coexpression of the isolated SAM domains, whether WT or mutant, has a strong dominant negative effect on EN-transforming activity.
Coexpression of the isolated V-SAM domain in EN-expressing cells slows tumor growth in nude mice.
To assess the effects of coexpressing isolated SAM domains on EN transformation in vivo, we used a nude mouse tumor model. Cells were in -FIG. 3 . Differential localization of GFP-tagged WT EN and EN SAM domain mutants. NIH 3T3 cells were engineered to stably express all GFP constructs, except for the EN-HA construct, which was expressed by using a transient protocol. Cells were fixed and counterstained with DAPI. DAPI images (top) and corresponding GFP images (bottom) are shown. Cells expressing EN-HA were fixed, and the protein was detected by using anti-HA and fluorescein isothiocyanate-conjugated antibodies. Both EN-GFP and EN-HA are localized primarily to the cytoplasm, whereas all three EN SAM domain mutants (A93D-GFP, V112E-GFP, and V112R-GFP) are found in the cytoplasm and nucleus. GFP alone and K-Ras-GFP were used as controls. (Fig. 7A) . By day 21, the average tumor masses were 0.8 and 0.35 g for EN and EN plus V-SAM cells, respectively (Fig. 7B) . Figure 7C illustrates representative tumors excised from the mice. These results confirm an in vivo dominant negative effect on EN transformation by coexpression of isolated SAM domains. EN produces large multimeric complexes in vitro. The above results indicate that both binding surfaces of the EN SAM domain are necessary for EN transformation. One explanation for this finding is that EN SAM domains mediate higher-order complex formation that is essential for transformation activity. To assess this possibility, lysates from NIH 3T3 cells expressing EN, EN-GFP, EN-A93D-GFP, or EN-V112E-V5 or coexpressing EN-A93D-GFP and EN-V112E-V5 were fractionated by FPLC with a Superose 6 HR 10/30 gel filtration column. Fractions were analyzed by Western blot analysis with anti-ETV6, anti-GFP, or anti-V5 antibodies. As shown in Fig. 8A , both EN-A93D-GFP and EN-V112E-V5 eluted in a peak near fraction 28, representing monomeric complexes. Coexpression of EN-A93D-GFP and EN-V112E-V5 resulted in an additional earlier peak centered at fraction 25, most likely representing dimeric complexes. In marked contrast, EN complexes began to elute as early as fraction 14 in the void volume and were present in a broad peak well past fraction 28 (Fig. 8A ). An identical elution profile was observed for EN-GFP (data not shown). These findings strongly suggest that at least a portion of EN forms higherorder complexes and that this property is abolished by SAM domain mutations. To probe complex sizes in more detail, N-terminal His-tagged EN with WT or mutant SAM domains were bacterially expressed and then purified by Ni 2ϩ affinity chromatography. Passage of these proteins through an S-200 Sepharose sizing column revealed that the A93D and V112E EN His-tagged mutants eluted as broad peaks centered at a volume approximating that of the bovine serum albumin standard (66 kDa) (Fig. 8B and C) . This indicates that each exists predominantly in a monomeric form, given that the molecular mass of EN is ϳ72 kDa. Consistent with the Superose gel filtration data, His-tagged EN eluted in the column void volume, indicating a significant increase in its apparent molecular size, as might arise from SAM domain-mediated polymerization ( Fig. 8B and C) . To further characterize these EN complexes, the S-200 purified protein was analyzed by additional chromatography on a Bio-Rad A-1.5 gel filtration column to
FIG. 5. SAM domain-mediated dimerization is insufficient for EN transformation. (A) Soft agar data from cells expressing MSCV control, WT EN, A93D-EN-GFP alone, or V112E-EN-V5 alone or NIH 3T3 cells expressing both A93D-EN-GFP and V112E-EN-V5. (B) NTRK3 IP of all cell lines followed by anti-phosphotyrosine Western blotting (top panel). Only WT EN protein is phosphorylated. Protein expression of all constructs was assayed by IB with anti-GFP and -V5 antibodies (middle panels). The association of A93D-EN-GFP with V112-EN-V5 was
confirmed by performing anti-V5 IP followed by anti-GFP Western blots (bottom panel). Equal protein levels were determined with an anti-Grb2 antibody.
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provide a wider range of size determination. His-tagged EN again eluted in the void volume, in this case, calibrated with blue dextran (2,000 kDa). This indicates that EN complexes were at least larger than the upper limit of the Bio-Rad A-1.5 separation media (i.e., Ͼ1,000 kDa) (Fig. 8D) . These results are consistent with EN forming large polymeric structures potentially incorporating more than 12 copies of EN protein per complex. EM of EN complexes. To directly visualize EN complexes, we performed EM on S-200 Sepharose-purified His-EN-WT. In keeping with the large size observed by gel filtration, His-EN-WT produced globular complexes with overall dimensions on the order of 50 to 100 nm (Fig. 9A) . Because previous experiments indicated that coexpression of EN with the isolated ETV6 SAM domains results in reduced EN transformation ( Fig. 6 and 7) , we hypothesized that EN polymerization could be interrupted by the competitive binding of mutant ETV6 SAM domains to the EN SAM domains. To visualize this possibility, a 10-fold molar excess of isolated A93D SAM domain was coincubated with S-200 Sepharose-purified His-EN-WT for 48 h prior to microscopic analysis. Consistent with the hypothesis, resulting EM images indicate that the size of the EN complex is reduced on the order of 2.5-fold in size in the presence of an excess of A93D SAM domains (Fig. 9B) . For comparison, EM was also performed on WT isolated ETV6 SAM domains. These peptides formed long, thin filaments with a diameter of ϳ10 nm when polymerization was induced by a reduction in sample pH (Fig. 9C) . This filamentous structure is in keeping with the previously published crystal structure and EM studies of the ETV6 SAM domain (16) . Taken together, these EM data are consistent with EN forming higher-order polymeric structures in vitro that can be interrupted by the presence of ETV6 SAM domains with mutations within their binding interfaces. However, the globular EN polymers differ from the long filaments formed by the ETV6 SAM domain, possibly due to steric interactions involving the NTRK3 kinase domains.
DISCUSSION
All translocation-associated chimeric PTKs studied to date contain protein-protein interaction domains contributed by one of the partner genes. Accordingly, it is generally assumed that oligomerization mediated by these domains leads to constitutive kinase activation and subsequent transformation via stimulation of downstream signaling pathways. It was previously shown that EN, a chimeric oncoprotein expressed in malignancies of multiple cell lineages, self-associates through its ETV6 SAM domain and that this association is essential for its transformation activity (49) . Oncogenesis associated with other ETV6 fusion proteins such as ETV6-PDGFR␤, ETV6-AML1, and ETV6-ABL also requires SAM domain-mediated self-association (7) (8) (9) . It is therefore of considerable interest to better understand this self-association process, as its inhibition offers therapeutic potential in blocking transformation by ETV6 fusion oncoproteins. Recent biochemical and structural studies revealed that the ETV6 SAM domain has two binding interfaces located on opposite surfaces of the native protein that lead to the formation of open-end head-to-tail polymeric structures in solution (16, 47) . We therefore asked whether this SAM domain also mediates polymerization of ETV6-PTK fusion proteins such as EN and whether this is important for transformation. In this report we show that both SAM domain binding interfaces are essential for full EN transformation activity. EN mutants containing substitutions of charged residues (A93D and V112E or V112R) within either SAM domain hydrophobic binding interface fail to self-associate, do not become tyrosine phosphorylated, and lack transforming ability in NIH 3T3 cells. Moreover, sizing chromatography and EM suggest that, while EN chimera polymerize to form large multimeric complexes both in vitro and in vivo, EN variants with mutations within their SAM domains appear to exist in solution predominantly as monomeric species. Several other findings in our study support the notion that higher-order polymer formation is important for EN transformation. First, chemically induced dimerization of FKBP-NTRK3 chimeras in which the ETV6 SAM domain was replaced by one or two FKBP binding domains did not result in NIH 3T3 cell transformation, even though abundant chimeric protein was expressed and became tyrosine phosphorylated after the addition of dimerizer. While it is possible that domain swapping might have introduced conformational changes affecting transformation even while maintaining an active NTRK3 PTK domain, other studies indicate that FKBP-ABL chimeras form dimers and retain transformation activity (39) . A more likely explanation is based on our observation that chemically induced FKBP-NTRK3 complexes only stimulate transient autophosphorylation of the NTRK3 PTK. We also observed only transient MEK1 activation, cyclin D1 up-regulation (Fig. 1B) , and AKT activation (data not shown) in these cells after the addition of AP20187. This suggests that chemically induced FKBP-NTRK3 dimers lack the ability to constitutively activate the Ras-MAPK and PI3K-AKT cascades, in contrast to EN (45) . Second, while the stable coexpression of EN V-SAM and EN A-SAM mutants in NIH 3T3 cells resulted in heterodimerization of these proteins, cells remained nontransformed. Moreover, neither mutant became tyrosine phosphorylated under these conditions (Fig. 5 ) nor did they induce cyclin D1 expression (data not shown). Taken together, these findings strongly indicate that dimerization is insufficient for EN transformation. It is possible that higher-order polymer There are several paradoxical findings in this study. First, heterodimers of A93D-EN-GFP and V112E-EN-V5 did not become tyrosine phosphorylated (Fig. 5) . One explanation is that EN polymerization somehow facilitates sustained PTK activation, possibly by providing an ordered grid of juxtaposed EN molecules for efficient auto-or cross-phosphorylation (see below). In this respect, the artificial FKBP1E-NTRK3 system may orient the kinase domains such that phosphorylation can occur within the context of an isolated homodimer, yet transformation does not result due to the lack of such polymerization-dependent ordering. Alternatively, polymerization may function to localize EN molecules subcellularly in close proximity to key signaling complexes required for sustained PTK activation or excluding an as yet unknown EN tyrosine phosphatase. Consistent with this was our finding that GFP-tagged EN is almost exclusively cytosolic while the GFP-tagged EN SAM domain mutant also localizes to the nucleus. It is therefore possible that polymerization is necessary for retention of EN in the cytoplasm. A second paradoxical finding is the observation that neither EN phosphorylation nor activation of downstream pathways was appreciably affected by coexpression of isolated SAM domains, suggesting additional complexity in how polymerization might influence EN transformation activity. Under these conditions there may be a heterogeneous population of EN polymers, SAM polymers, and SAM-EN dimers and oligomers in the cells. Consistent with this, Superose gel filtration demonstrated elution of EN in a range of sizes from large to dimeric or monomeric complexes, suggesting that a dynamic equilibrium exists between large polymers and smaller oligomers. Therefore, different threshold degrees of polymerization may be necessary for phosphorylation versus transformation, such that SAM domain polypeptides act to shift that equilibrium below that necessary for transformation but not phosphorylation. Another possibility is that in the presence of excess SAM domains, different tyrosine residues become phosphorylated in EN than in the absence of these polypeptides, which could be missed with standard anti-phosphotyrosine antibodies.
Evidence that higher-order complex formation of an ETV6 fusion protein may be essential for transformation has previously been reported (37) , in which an ETV6-PDGFR␤ mutant lacking the PTK domain blocked large complex formation and transformation. Replacement of the ETV6 SAM domain with the homologous N-terminal sequence of other ETS proteins led to the loss of transformation activity of the ETV6-PDGFR␤ fusion protein (14, 37) , again highlighting the importance of self-association of the ETV6 SAM domain in this process. Moreover, a recent study by Beissert et al. found that swapping the BCR coiled-coil domain of BCR-ABL with the SAM domain of ETV6 resulted in a shift from lower-molecular-mass complexes (ϳ2 to 4 monomers) to higher-molecularmass complexes that eluted in the void volume of sizing columns (i.e., ϳ2,000 kDa) (1) . This corroborates our data suggesting higher-order polymer formation of EN proteins. Limited oligomerization is well documented as a requirement for transformation by chimeric oncoproteins (7-9, 11, 21, 24, 49) . For example, a tetrameric structure for the BCR-ABL chimeric protein mediated by the BCR coiled-coil region was previously demonstrated biochemically (24) and then confirmed by crystallographic analysis (52) . Although these ABL chimeras failed to transform Rat-1 fibroblasts, there was an inverse relationship between the size of the complexes and the ability of the kinase inhibitor STI571 to inhibit chimeric PTK autophosphorylation. On the other hand, it was also reported that replacement of BCR with the FKBP polypeptide resulted in chemically inducible dimers of FKBP-c-ABL that could transform BaF3 cells and fibroblasts (39) , suggesting that dimerization is sufficient for this process. Moreover, Zhao et al. showed that the FKBP-JAK2 chimera in which the ETV6 SAM domain was replaced by FKBP2E (as well as the transmembrane and extracellular portions of low-affinity nerve growth factor receptor) was transforming (52) . This is somewhat surprising in view of our findings, although these experiments were performed with a different system than ours, namely a hematopoietic system screening for interleukin-3 dependence in BaF3 cells. Therefore, polymerization may only be required for transformation by some SAM-containing ETV6 chimeras and in certain cellular contexts.
Polymerization also appears to influence the function of WT ETV6. It is postulated that higher-order polymer formation of ETV6 at the level of DNA affects chromatin organization and may underlie, at least in part, the transcriptional repressor function of ETV6 (16, 47) . A similar chromatin-associated structure was found for SAM-containing members of a family of proteins that are unrelated to ETV6, the PcG of repressor proteins (15) . This suggests that polymerization may be a more general phenomenon in SAM domain-containing proteins. This may also help to explain why the A93D-EN and V112E-EN/V112R-EN mutants retain some residual transforming activity in NIH 3T3 cells (Fig. 2) . WT ETV6 is thought to function as a tumor suppressor, and haploinsufficiency for the ETV6 gene is described for childhood acute leukemias (32) . Both EN SAM mutants are expected to retain the ability to bind WT ETV6, and therefore, partial inactivation of WT ETV6 by these overexpressed mutants may underlie their residual transformation activity. Alternatively, Kim et al. (16) showed that similar mutants of WT ETV6 self-associate under conditions of lower pH, such that there could be slight polymerization of the EN mutants in vivo.
When we performed EM of S-200 Sepharose-purified EN proteins isolated from bacteria, we observed 50-to 100-nm globular complexes that were reduced in size by approximately 2.5-fold in the presence of excess WT SAM domain peptides. In contrast, WT ETV6 SAM domains alone formed long polymeric filaments with a thickness of ϳ10 nm, in keeping with the previously published crystal structure of the ETV6 SAM domain (16) . If such polymerization is retained in EN complexes, then we can make preliminarily predictions as to the structure We therefore constructed a potential composite model, based on the crystal structure of the ETV6 SAM domain polymer (16, 47) along with the estimated PTK domain size (Fig. 9E ). In this model, the NTRK3 PTK domain is postulated to sterically alter packing within the polymer such that formation of elongated filaments is prevented and a globular shape of the complexes is favored. This putative large helical patterning is at least one possible explanation for the ϳ20-nm-wide coiled and bent structure observed in higher magnification images of EN complexes (Fig.  9D) . To further speculate on this model, it is possible that the helical shape facilitates optimal positioning of PTK domains for cross-phosphorylation. In the EN polymer, perhaps the PTK phosphorylation partners are not nearest neighbors in a linear sense but are located one helical turn apart for proper positioning as substrates for each other. This may provide an additional explanation as to why the A93D and V112E heterodimer is not tyrosine phosphorylated, as the PTK domains in the dimer are not properly juxtaposed for cross-phosphorylation. However, we do not rule out other interpretations, as additional mutational or structural analyses are required to further probe the nature of EN polymerization complexes. We found that expression of either WT or mutated SAM domains in EN-transformed NIH 3T3 cells dramatically reduced EN-mediated morphological transformation and soft agar colony formation. Moreover, these cells were markedly attenuated in their ability to form tumors in nude mice. This indicates that isolated SAM domains can have a dominant negative effect on EN transformation. In keeping with the proposed role of polymerization in EN transformation, isolated SAM domains were able to reduce the size of high-molecular-weight EN complexes, as discussed above. Taken together, our results suggest that polymerization is a critical step in EN-mediated transformation and that targeting the dimerization interfaces of the ETV6 SAM domain may be a potential strategy for blocking the transforming activity of ETV6 SAM domain-containing fusion proteins. The two binding interfaces of the ETV6 SAM domain have recently been analyzed structurally by Tran et al. (47) . Although no obvious pockets were identified within these interfaces that could act as binding sites for small-molecule inhibitors of polymerization, additional studies may reveal other potential targets for molecular therapeutic intervention. Alternatively, the use of SAM domain peptides may be a more effective strategy for blocking polymerization, although size considerations may necessitate new strategies for cellular uptake. However, the data presented in this paper demonstrate that isolated SAM domains can indeed be effectively utilized to competitively inhibit the polymerization and transforming activity of an oncogenic ETV6-PTK fusion protein.
